the world (Subak et al., 1993) , which are situated in temperate climate zones. used to estimate soil methane oxidation. In summer, these differences
produced in landfills, the use of ␦ 13 C-CH 4 analysis has 60 and 94% in the old landfill. In winter, when soil temperature was been shown to be one of the most useful methods (Lipbelow 0؇C, no difference in ␦
13
C was observed between emitted and tay et al., 1998; Bergamaschi et al., 1998; anaerobic-zone CH 4 , suggesting that there was no soil oxidation. The Liptay, 2000) . Methane-oxidizing microorganisms show temperature effect shown in this experiment suggests that there may a slight discrimination against methane containing 13 C.
be both seasonal and latitudinal differences in the importance of Methane will therefore get heavier ( 13 C-enriched) on its landfill CH 4 oxidation. Finally the isotopic fractionation factor (␣)
way through landfill cover soils when these microorgan- fills at around 10% in the northeastern USA (Liptay et al., 1998) , 25 to 35% in Florida, USA (Chanton and Liptay, 2000) , and 39 to 53% in Germany (Bergamaschi et al., 1998) . Obviously, more data are needed for both A mong greenhouse gases, CH 4 is one of the most warmer and colder climates. The aim of this investigaimportant, and its atmospheric concentration is tion was to study the effects of different temperatures increasing about 0.6% yr Ϫ1 due to anthropogenic activities (Intergovernmental Panel on Climate Change, on the oxidation process with the use of ␦
C analysis. 1996). Global CH 4 emissions from landfills have been
At subsites where CH 4 leaks out, CH 4 oxidation activestimated at 40 Tg yr Ϫ1 (Prather et al., 1994) , but with ity is often correspondingly high (Adamse et al., 1972 ; a broad range of uncertainty ). This is Jones and Nedwell, 1993; Bö rjesson et al., 1998b) . On more than 10% of all the anthropogenic sources (375 landfills, the sloping sides often show high CH 4 emisTg), and landfilling is thereby the largest individual ansions, since they usually are not well covered, due to thropogenic source of CH 4 in many countries (Intergoverosion or difficulties in the application of cover mateernmental Panel on Climate Change, 1996) . Most of this rial. Therefore, soil CH 4 oxidation was studied and comlandfill CH 4 is derived from the industrialized parts of pared in both the sloping sides and tops of landfills. To our knowledge, such a contrast has not been made. samples were performed. In these incubations we determined both concentration and the ␦
13
C of CH 4 and CO 2 as a function older landfill in Hö khuvud that was closed in 1980. Falkö ping of time. The simultaneous determination of concentration and has a gas extraction system with vertical wells, and landfill isotopic composition allowed us to determine the quantities gas is converted to heat and distributed to a neighboring dairy.
of CO 2 produced from methane oxidation and soil organic Hö khuvud has no gas recovery system. Both are filled with matter, respectively. Soil was taken from different depths in municipal solid waste from rather small communities (25 000-the profiles, where optimal methane oxidation activity could 35 000 inhabitants). More details on the landfills and their be expected (Table 2) . Following collection the samples were cover soils are given in Table 1. refrigerated at 4ЊC. Within 24 h, samples were sieved (4-mm mesh), and aliquots of 100 g soil at field moisture water contents were put in 1.1-L Simax glass jars (Sklarny Kavalier,
Field Measurements
Sazava, Czech Republic), which were sealed with screw caps. Both sites were divided into two parts: top and slope. At Additional ambient air (100 mL) was added to each jar to least eight static chambers (7.4-L cans, base area 0.0369 m 2 ) check for leakage and allow sample removal. Methane (50 were placed randomly on each area in August 1997 and JanumL; EC 200 812-7, Air Liquide, Kungsä ngen, Sweden) was ary or February 1998. In addition to this schedule, in March added at time zero, thus giving an initial gas mixture of 3.9% 1998 gas samples were also collected from chambers placed CH 4 and 20% O 2 . Three gas samples of 0.3 mL were withdrawn on prescanned (with a Gas-trac NGX-8 [Northern Illinois Gas and immediately analyzed on a gas chromatograph with a Company, Naperville, IL]; Bö rjesson and Svensson, 1997a) flame-ionization detector (Packard-Becker [Delft, the Netherspots where CH 4 concentrations were obviously elevated, indilands] 428; Bö rjesson and Svensson, 1997a). Next, 10-mL gas cating fissures or a thin layer of cover soil. From each static samples were taken and stored on pre-evacuated glass vials chamber gas samples were taken every 5 min over a 20 min for later isotopic and concentration analysis. By removing interval, with the use of pre-evacuated 10-mL glass vials conadditional samples, CH 4 consumption was followed until at nected to the can with a double needle through a rubber least 80% of the CH 4 was consumed. At least eight measuremembrane in the chamber (Bö rjesson and Svensson, 1997a) . ments were done for each incubation study. From the static chambers, gas samples were also withdrawn Soils sampled at Hö khuvud and Falkö ping 19 and 20 Aug. for ␦
13
C analyses and stored in glass vials with butyl rubber 1997 were incubated at 25ЊC, soils sampled at Falkö ping 24 stoppers. Gas samples were analyzed for CH 4 and CO 2 on a Feb. and at Hö khuvud 6 Mar. 1998 were incubated at 4ЊC. The Chrompack (Bergen-op-Zoom, the Netherlands) CP9001, water content of the soil samples was measured gravimetrically with a flame ionization detector following a methanizer (Bö r- (Table 2) . jesson and Svensson, 1997b).
Gas samples were also taken from the anaerobic part of
Analysis of Carbon Isotopes
the landfills. At Hö khuvud, gas samples from different depths (down to 1.2 m) were taken with a probe inserted into 22-mm Samples of chamber atmosphere, landfill gas, and incubaauger holes (equipment described by Bö rjesson and Svensson, tion samples were analyzed for ␦ 13 C by injecting 0.1 to 0.5 mL 1997a), while in Falkö ping gas samples of the anaerobic zone of sample into a gas chromatograph interfaced to a Finnigan were taken from the gas collection system. These samples (Bremen, Germany) MAT Delta S isotope ratio mass specwere transferred to pre-evacuated 100-mL glass flasks for later trometer inlet system via a combustion interface (Merritt et analysis of ␦
13
C content. Samples were also withdrawn and al., 1995) . Chamber air samples were corrected for admixture transferred to argon-flushed 25-mL borosilicate glass tubes, with background air methane by mass balance. The gas chromatograph was equipped with a Poraplot Q column (Hewlettfor later gas-chromatographic analysis of CH 4 , N 2 , and O 2 (Carlo Erba [Milan, Italy] Model 2350 with a Chrompack Packard, Palo Alto, CA) with a column head pressure of 10 psi (70 kPa). The Finnigan MAT combustion column was micro-thermoconductivity detector, described by Bö rjesson and Svensson, 1997a).
operated at 960ЊC.
Isotopic values are given as ␦ 13 C (‰) according to the for-
where The term ␦ 13 C CH4Ϫox also represents the ␦
C of CO 2 proisotope ratio mass spectrometer (Micromass, Manchester, duced from methane oxidation. However the quantity of meth-UK). Reproducibility was 0.1‰ for ␦ 13 C.
ane oxidized (denominator in Eq.
[5]) does not represent the amount of CO 2 produced from CH 4 oxidation, as that carbon
Calculations of Fractionation Factors
can go either to CO 2 or into methanotrophic biomass. This
and Methane Oxidation
split is controlled by the growth efficiency of the bacteria. At high growth efficiency more of the oxidized CH 4 will go into From the incubations of soil with CH 4 (described above), microbial biomass. At low growth efficiency more CO 2 will ␦ 13 C values were compared in order to determine the fractionbe produced. The ultimate fate of oxidized CH 4 is important ation factor ␣. The term ␣ is defined as the ratio of the rate for assessing the contribution of different gases to the total constants of CH 4 oxidation, assuming first order kinetics: amount of greenhouse gas emissions from landfills to the at-
mosphere. 
represent the isotopic composition of CO 2 produced from the where M/M o is the fraction of methane remaining at time t, oxidation of methane and soil organic matter, respectively. ␦ 13 C t is the ␦ 13 C value of the methane remaining at time t, and
The total amount (CO 2total ) and isotopic composition of CO 2 ␦ 13 C tϭ0 is the ␦ 13 C value of the methane at the initial time.
(␦ 13 C total ) at the end of the experiment were corrected for CO 2 When ␦ 13 C is plotted versus ln(M/M o ), the slope of the line that was in the flask at the time 0 by a similar mass balance fit to the data is 1000(1/␣ Ϫ 1).
equation. We also assumed in these calculations that the ␦ 13 C The proportion of CH 4 oxidized as it escaped the landfill of CO 2 produced from soil organic matter decomposition was through the soil, f ox , was calculated as described by Liptay et al. identical to the ␦ 13 C of bulk soil organic matter. (1998). Generally we will express this fraction as a percentage, ( f ox ϫ 100). This factor represents the portion of the CH 4 flux from the anaerobic zone to the oxic soil layer, which is
RESULTS

oxidized:
Methane Emissions
Methane emissions from the two landfills were of the same magnitude, ranging from Ϫ0.92 mg to 11.3 g CH 4 where ␦E is the isotope ratio in emitted CH 4 , ␦A is the isotope ratio in anaerobic-zone CH 4 , ␣ ox is the fractionation factor calcum Ϫ2 h Ϫ1 at Hö khuvud and from Ϫ0.98 mg to 29.6 g CH 4 lated from incubations (Eq. [3]), and ␣ trans is the fractionation m Ϫ2 h Ϫ1 at the new landfill in Falkö ping (Table 3 ). The occurring during diffusive transport through the cover. For landlow CH 4 emissions measured in Falkö ping on 24 Februfills, ␣ trans ϭ 1 is assumed, since gas transport through the soil ary were probably due to a higher intensity of gas extraccap is dominated by advection due to pressure differentials tion and the fact that the surface was wetter at this time, (Liptay et al., 1998; Bergamaschi et al., 1998) . This assumption which directed the CH 4 emissions to a few hot spots not means that the ␦ 13 C value of methane within the anoxic zone covered by the randomly distributed chambers. Thereis what enters the oxidation zone. Chanton and Whiting (1996) fore, the additional sampling in March was made only have demonstrated that in advective transport, isotopic fractionon spots with elevated CH 4 concentrations as located ation is minimized. We further assume that the ␦
13
C value of residual methane due to oxidative microbial processes within by Gas-trac scanning.
the soil is what is emitted to the atmosphere and captured in
In summer, the slopes of the landfills had higher CH 4 our chambers. This assumption is reasonable, as Bergamaschi emission rates than the tops, both at Hö khuvud (P ϭ et al. (1998) observed that the ␦ 13 C value of CH 4 captured 0.096) and at Falkö ping (P ϭ 0.0003). In winter, the in surface accumulating chambers was similar to the samples situation at Hö khuvud was the opposite: there were collected closest to the soil-air interface. Bergamaschi's obserfairly high emission rates at the top of the landfill comvations are additional supporting evidence that ␣ trans ϭ 1. pared with the slope. At Falkö ping, none of the eight In soil incubations the CO 2 produced from CH 4 oxidation chambers on the top showed significant CH 4 emissions, was calculated from the total CO 2 production, which also inwhile only one chamber out of eight standing in the cluded respiration of bulk soil organic matter. We did this by slope had a significant CH 4 emission in February (2.47 determining the isotopic composition of methane, which had been oxidized as shown below: mg CH 4 m Ϫ2 h Ϫ1 ). Table 5 . The first sampling in late August landfill, assuming no seasonal variation. No seasonal 1997 was done during a relatively warm period. Weather variation was observed at Falkö ping or at a landfill in was mild also in January, but cold in March (as normal).
Florida, USA (Chanton and Liptay, 2000) , as expected The surface soils (0-5 cm) were very dry in summer due to the constant temperatures within the landfill and therefore no incubations were made with these sammaintained by the biological degradation processes. ples. Further down in the profiles, soil moisture was almost the same over the year ( ; s.d. ϭ 0.11, n ϭ 2; see, for contrast, average Gas samples collected from the gas recovery system values in Table 6 ). Examples of incubation data are in the Falkö ping landfill had ␦ 13 C-CH 4 values of Ϫ54.3‰ shown in Fig. 1 . The winter samples, incubated at 4ЊC, on 20 Aug. 1997 and Ϫ53.6‰ on 3 Mar. 1998 (Table  showed significantly lower rates of CH 4 oxidation com-4). There was no significant difference between these pared with summer. Methane ␦ 13 C became increasingly dates (P ϭ 0.50), consistent with a lack of temperature 13 C enriched in these closed-system incubations as 12 CH 4 variation in the anoxic methane production zone.
was consumed at a slightly faster rate than 13 CH 4 by the Gas samples from auger holes on the old Hö khuvud methane-oxidizing bacteria. The rate of CO 2 increase landfill contained CH 4 with ␦ 13 C values of Ϫ43.4‰ at was observed to be considerably less than the rate of 120 cm depth on 19 Aug. 1997, and as high as Ϫ18.6‰ methane decrease in these incubations. The isotopic at 85 cm depth. These values could therefore not be composition of CO 2 was intermediate in value between regarded as representative for the anaerobic zone, bethe isotopic composition of consumed methane, calcucause CH 4 in these samples had obviously been exposed lated by Eq.
[5], and the measured isotopic composition to oxidation. The values fell far outside the zone of of soil organic matter, both of which supported microanoxic-zone methane as compiled by Chanton et al. bial growth and respiration and/or CO 2 production. (1999). Samples collected at 95 to 100 cm depth on 26
From the concentration and isotopic data, we calculated The ␣ values were calculated from the slopes of the Hö khuvud lines in Fig. 2 the Hö khuvud soil compared with the Falkö ping cover soil (P ϭ 0.0067). Also, the ␣ values were higher for † Number of samples. ‡ 120 cm depth. Not used for calculation of ␣.
the 4ЊC incubations than those for the 25ЊC incubations In every incubation (n ϭ 7 at 4؇C and n ϭ 10 at 25؇C), the CH 4 uptake rate was greater than the CO 2 production rate. From the isotopic composition of methane oxidized (calculated with Eq. [5]) and the measured ␦
C of soil organic matter, we were able to partition the CO 2 produced from these two sources (Eq. [6]) to determine the apportionment of CH 4 to methanotrophic biomass and respiration, respectively ("carbon utilization", Table  6 ). Note the different times scales on the x axes.
for both soils (P ϭ 0.0002 at Hö khuvud, P ϭ 0.076 at below 0ЊC, CH 4 oxidation could not be detected. The Falkö ping, but P ϭ 0.0098 with one outlier excluded; ␦ 13 C in emitted CH 4 was not significantly different from Table 6 ). If we assume a linear relationship between ␣ the ␦ 13 C of CH 4 collected from anaerobic zones (P ϭ and temperature, as was reported by at Falkö ping and P ϭ 0.31 at Hö khuvud; see, for tay (2000), the estimated coefficients for the sloping contrast, Table 5 ). lines, which represent the change in ␣ per degree of
The differences between seasons were significant for temperature, were Ϫ0.000448 K Ϫ1 for Hö khuvud and both sites in analysis of variance (ANOVA) (August Ϫ0.000169 K Ϫ1 for the Falkö ping soil. vs. March; P Ͻ 0.0001). There was no correlation between CH 4 fluxes and ␦ 13 C in emitted CH 4 . Both the ␦
C in Emission Chambers
highest positive fluxes and the negative fluxes, showing net consumption of CH 4 , were in the middle of the The ␦ 13 C of CH 4 emitted into chambers ranged from ␦ 13 CH 4 ranges. There were not any differences between Ϫ24.0‰ to Ϫ54.8‰ at Hö khuvud and from Ϫ33.5 to slopes and tops (Table 5 ). Ϫ50.9‰ at Falkö ping in August 1997. In January 1998 values ranged from Ϫ37.5 to Ϫ57.9‰ at Hö khuvud and in March 1998 chamber CH 4 had ␦ 13 C within the ranges DISCUSSION Ϫ56.1 to Ϫ65.8‰ at Hö khuvud and Ϫ53.4 to Ϫ59.8‰ The ␦ 13 C values of CH 4 from the anaerobic zone of at Falkö ping. Mean values are given in Table 5. landfills have been reported to fall within a range of Methane oxidation was calculated from each of the Ϫ50 to Ϫ61‰, as reviewed by Bergamaschi et al. (1998) individual chambers and averaged (Table 5 ). The chamand Chanton et al. (1999) . Values measured at the landbers with the highest CH 4 emission rates had correfills in our study, Hö khuvud (Ϫ58.6‰) and Falkö ping sponding ␦ 13 C-CH 4 values in the middle of the ␦ 13 C-CH 4 (Ϫ54‰), lie within or close to this range. We observed range for the respective site's chambers (i.e., there was no seasonal variation at the Falkö ping landfill site, conno correlation between oxidation and flux rates).
firming the observations of Chanton and Liptay (2000) . In summer, the oxidation percentage was high for Methane emissions from the slope of the old Hö khuboth landfills, and almost 100% at the top of the old landfill, Hö khuvud. In winter, when temperatures fell vud landfill ceased in winter, similar to what was ob- in autumn than in summer, apparently because these spots were filled with water in autumn. Similarly, the sloping parts of the old landfill in our study could have either become waterlogged, or water (with subsequent ice formation) could have cut this part off from the rest of the landfill, thus directing fluxes through the top. On the top of the landfill, some 15-yr-old Scots pine (Pinus sylvestris L.) trees could have helped to keep pores open for gas exchange. Another explanation could be that the methane production in the slope, located in a peripheral part of the landfill, was suppressed by low temperatures. We observed that a large portion of the CH 4 consumed during oxidation did not yield CO 2 . Gommers et al. (1988) calculated the fraction of substrate carbon converted to CO 2 during assimilation of organic compounds, based on yield data. For methane assimilated via the ribulose-monophosphate pathway of formaldehyde fixation, the portion of carbon converted to CO 2 CH 4 ratios that range from 0.16 to 0.4, so these findings appear quite typical. Apparently, when methane is consumed by methanotrophic bacteria in a landfill, the bulk served in January 1994 in a previous study (Bö rjesson et al., 1997a) . In a Belgian landfill studied by Boeckx of the consumed methane goes into bacterial biomass, not additional greenhouse gases. One molecule of CH 4 et al. (1996) , noncovered spots showed lower emissions is not substituted for a molecule of CO 2 at short timeto mitigate CH 4 emissions from landfills in cold climate zones. scales, as the bacteria have an extremely high growth efficiency. However, given that our results indicate that the bacteria have such high growth efficiencies, it is CONCLUSIONS somewhat surprising that the ␦ 13 C of soil organic matter Methane oxidation in landfill cover soils is greater in was not more 13 C depleted, reflecting the uptake of warmer climates. Climatic variables such as moisture methane into organic tissue. It may be that the bulk and temperature have been shown to control oxidation of the population of methanotrophs occurs at depths (Whalen et al., 1990; Bogner and Spokas, 1993 ; Bö rjesslightly deeper than where we sampled. Alternatively, son and Svensson, 1997a) . Our results are consistent the microbial biomass may turnover at a high rate and with these studies and suggest that there must be systemnot be preserved. If this is the case, then the ultimate atic variations in the importance of landfill methane fate of methane that is oxidized must be CO 2 .
oxidation as a function of season and latitude. Methane In both soils, the ␣ values for fractionation were sigoxidation has been shown to be the primary variable nificantly higher at low temperatures (Table 6) . A controlling methane emissions from landfills where gas higher degree of discrimination of heavy isotopes at low collection systems are not in place. This results in the temperatures was also observed for CH 4 oxidation in antithetical situation of methane emissions being landfill cover soils by Chanton and Liptay (2000) and greater in colder winter temperatures than in warmer in forest soils by Tyler et al. (1994) . In contrast, Coleman summer temperature in contrast to most other methane et al. (1981) and King et al. (1989) found the opposite emission sources, which are greater under warmer conin cultures and tundra soil. The higher ␣ values in the ditions. The locus of CH 4 emissions can vary seasonally. samples from the old landfill (Hö khuvud), where ␣ var-
The degree of isotopic fractionation during methane ied by Ϫ0.000448 K Ϫ1 for the temperature dependence oxidation is temperature dependent and increases at (derived from data in Table 6 ), correspond to samples colder temperatures. Methane-oxidizing bacteria have from a landfill studied by Chanton and Liptay (2000) , high growth efficiencies and the majority of methane where ␣ varied by Ϫ0.000438 K Ϫ1 for mulch and that is oxidized in a landfill goes initially into cellular Ϫ0.000433 K Ϫ1 for clay. Similar to our results, Tyler et biomass. al. (1994) found linear correlation between temperature and the fractionation factor in forest samples to be be-
Greenhouse Gas Emissions during Cattle Feedlot Manure Composting
Xiying Hao,* Chi Chang, Francis J. Larney, and Greg R. Travis or spread on land with little or no odor, pathogens, and 310 times more harmful than CO 2 in their global warming effect, the total GHG emission expressed as CO 2 -C equivalent was 240.2 weed seeds, or fly breeding potential (Rynk, 1992) . 
